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The Roles of Costimulation and Fas in T Cell
Apoptosis and Peripheral Tolerance
Luk Van Parijs,* Alexander Ibraghimov,² fatal autoimmune disease that develops in inbred mice
with mutations in Fas or FasL (Nagata and Suda, 1995),and Abul K. Abbas*
and phenotypically similar diseases in humans due to*Immunology Research Division
defects in Fas expression or function (Fisher et al., 1995;Department of Pathology
Rieux-Laucat et al., 1995). Given the established biologi-Brigham and Women's Hospital
cal importance of cell death pathways in lymphocytes,and Harvard Medical School
it is not surprising that many experimental modelsBoston, Massachusetts 02115
have been exploited to study the stimuli that regulate
apoptosis. Despite this interest, many fundamental
questions are unresolved. For instance, it is still notSummary
clear what roles antigen receptor±mediated stimuli and
costimulation via CD28 or CTLA-4 might play in T cellUsing cells from TCR transgenic mice that do or do
apoptosis. Costimulation via CD28 promotes T cell sur-not express Fas, we show that there are two mechanis-
vival , but whether it plays a role in AICD is unknowntically distinct forms of apoptosis in CD41 T cells. Naive
(Boise et al., 1995; Lucas et al., 1995). Some studiesT cells undergo apoptosis if cultured in the absence
suggest that engagement of CTLA-4, a second T cellof antigen or costimulation. This form of programmed
receptor for costimulators, induces apoptosis (Gribbencell death (PCD) is not dependent on Fas, and is pre-
et al., 1995), but this has not been confirmed. The rolesvented by CD28-mediated signals, which lead to the
of putative survival genes, such as bcl-2 and bcl-x, insecretion of growth factors and the expression of sur-
regulating AICD are also controversial, with some stud-vival genes, such as bcl-xL. Recently activated T cells ies suggesting that Bcl-xL protects T cells from Fas-undergo apoptotic death upon repeated stimulation.
mediated AICD (Boise et al., 1995), and others reachingThis activation-induced cell death (AICD) is mediated
the opposite conclusion (Memon et al., 1995; Strasserby Fas, but is independent of costimulation and is
et al., 1996). The relationship between cell death and
not prevented by IL-2 or bcl-xL. Finally, we show that functional inactivation (anergy) is poorly understood
peripheral tolerance may be induced in vivo indepen- (Rellahan et al., 1990; Yuh et al., 1993). Finally, although
dent of Fas-mediated cell death. most of the available evidence indicates that Fas ligation
delivers death signal(s), there is some evidence that FasIntroduction
may also function as a costimulator for T cells (Alderson
et al., 1993). It is, therefore, unclear whether members
Homeostasis in the immune system is maintained by a of this protein family play dual roles, and which function
balance between the generation of new lymphocytes, dominates under which conditions. One of the reasons
antigen-induced lymphocyteproliferation and differenti- why these issues have been difficult to resolve is that
ation into effector and memory cells, and apoptotic cell the experimental models that have been used often rely
death. The control of apoptosis in mature lymphocytes on unphysiological polyclonal activators to stimulate
has been a subject of great recent interest (Cohen et lymphocytes, or cloned cell lines or tumor lines.
al., 1992; Green and Scott, 1994; Russell, 1995). It is We have recently generated transgenic mice express-
established that lymphocytes may undergo apoptotic ing a pigeon cytochrome C (PCC)-specific T cell recep-
death either due to deficiencies of growth factors or as tor (TCR), called 2B4, bred into Fas-expressing and Fas-
a consequence of repeated stimulation (Cohen et al., deficient (lpr/lpr) backgrounds (Singerand Abbas,1994).
1992; Green and Scott, 1994; Russell, 1995). Apoptosis These mice provide unique tools for studying the func-
due to growth factor deficiency, or the absence of nec- tional responses of Fas1 and Fas2 T cells to the same
essary survival signals, is a universal property of almost antigenic peptide, under conditions where antigen, co-
all cells, from the most primitive organisms to mammals stimulation, and growth factor concentrations can be
(Steller, 1995). T lymphocytes are uniquely capable of precisely controlled. Since these mice differ only in Fas
undergoing another form of apoptotic death, called acti- expression, any differences between responses of T
vation-induced cell death (AICD). AICD occurs as a re- cells from the two strains can be directly attributed to
Fas. Conversely, if T cells from the two strains respondsult of repeated antigenic stimulation, and in CD41 T
identically to a particular stimulus, an obligatory rolecells it is largely due to coexpression of Fas and FasL
of Fas in that response can be excluded. Using this(Brunner et al., 1995; Dhein et al., 1995; Ju et al., 1995).
experimental model, we formally demonstrate that FasSince T cells are the only known cell population that
is not a necessary costimulator for T cells. More impor-inducibly express FasL upon activation, they are the
tantly, there are two distinct forms of apoptosis in Tonly cells that can undergo AICD. In the immune system,
cells, which differ in their requirements for costimulation,cell death is not only a homeostatic mechanism for con-
Fas-mediated signaling, growth factor dependence, andtrolling the size of antigen-stimulated clones but it is
involvement of bcl-xL. Finally, some forms of peripheralalso an important mechanism for maintaining tolerance
tolerance can be induced in the absence of Fas-medi-to self-antigens. This is most clearly documented by the
ated AICD. Our results point out the fundamentally dis-
tinct ways in which T cell death is regulated, and estab-²Present address: American Cyanamid Company, Lederle-Praxis
lish the existence of nonoverlapping pathways ofBiologicals Division, 211 Bailey Road, West Henrietta, New York
14586. tolerance.
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Figure 2. In Vitro Activation of Wild-Type and Fas-Deficient T Cells
Figure 1. In Vitro Activation of Wild-Type and Fas-Deficient T Cells in the Presence of PAF APCs Requires a CD28-Mediated Signal
in the Presence of Competent APCs Can Be Blocked with mCTLA- Naive CD41 T cells (a) or Th1 lines (b) derived from wild-type and
4Ig lpr/lpr 2B4 mice were cultured in triplicate with PCC (81±104) peptide
Naive CD41 T cells (a) or Th1 lines (b) derived from wild-type and in the presence of PAF H-2k spleen cells, alone, or with anti-CD28 or
lpr/lpr 2B4 mice werecultured in triplicate with PCC (81±104) peptide control antibody (1:1000 dilution of hybridoma ascites). Proliferation
in the presence of mitomycin C-treated H-2k spleen cells, alone, or was assessed by [3H]thymidine incorporation at 72 hr (a) or 48 hr
with 2 mg/ml mCTLA-4Ig or control immunoglobulin. Proliferation (b). The error bars represent standard errors.
was assessed by [3H]thymidine incorporation at 72 hr (a) or 36 hr
(b). The error bars represent standard errors.
Absence of Costimulation Results in
Fas-Independent Apoptosis (Programmed
Results Cell Death) in Naive T Cells
In the next set of experiments, we compared the survival
Fas Does Not Influence T Cell Responses
of naive wild-type and lpr 2B4 T cells cultured without
to Antigen and Costimulation
antigen, or exposed to antigen in the absence of costi-
Although the best-defined function of Fas is in delivering
mulation. As shown in Figure 3a, both wild-type and
apoptotic signals, there is some evidence suggesting
Fas-deficient naive T cells die after 2 days in culture,
that Fas may serve as a costimulatory molecule for T
unless they receive both an antigen-mediated signal and
cells (Alderson et al., 1993). Furthermore, Fas belongs
a costimulatory signal. Therefore, naive T cells appear
to a family of membrane proteins, many of which are
to rapidly undergo a form of programmed cell death
known to transduce activating signals (Beutler and van
(PCD), which can be prevented by a competent activa-Huffel, 1994). To test whether Fas plays a role in T cell
tion signal. This form of apoptosis is unrelated to Fas-activation, we examined the ability of wild-type or Fas-
dependent AICD, since it occurs to a comparable degreedeficient T cells to respond to antigen in the presence
in both Fas-positive and Fas-deficient T cells (Figureor absence of a CD28-mediated costimulatory signal.
3a).Naive T cells expressing the 2B4 TCR, or 2B4 Th1
To confirm that CD28, but not Fas, plays a critical rolelines, were derived from wild-type or lpr 2B4 TCR
in protecting naive T cells from PCD, we cultured naivetransgenic mice. The T cells were cultured with PCC
2B4/1 and 2B4/lpr T cells in the presence of increasingpeptide in the presence of mitomycin C-treated spleno-
concentrations of soluble anti-CD3, with or without anti-cytes as competent antigen-presenting cells (APCs), or
CD28. As shown in Figure 3b, by 48 hr both Fas1 andcostimulator-deficient paraformaldehyde-fixed (PAF)
Fas2 T cells become apoptotic, unless provided withspleen cells. CD28-mediated costimulatory signals were
both anti-CD3 and a costimulatory signal. Thereforeeither blocked by adding mCTLA-4Ig, a reagent that
costimulators, but not Fas, regulate the survival of naivebinds all known CD28 ligands, or added back to the
T cells by preventing apoptotic death. As expected, na-system, by adding a cross-linking antibody to CD28.
ive 2B4/1 T cells cultured in the presence of anti-CD3These experiments show that the proliferation of both
and anti-CD28 secrete interleukin-2 (IL-2) (3.2 U/ml inwild-type and Fas-deficient naive T cells and Th1 lines
one typical experiment) and express the a chain of theis blocked to a comparable degree by mCTLA-4Ig
IL-2 receptor complex (data not shown). In contrast,(Figure 1), and is not seen with antigen presented on
naive T cells cultured in medium, or with anti-CD3 alone,fixed (costimulator-deficient) APCs unless anti-CD28 is
do not secrete detectable amounts of IL-2 (medium 0.2added (Figure 2). Therefore, responses of wild-type and
U/ml, anti-CD3 0.8 U/ml) and do not express the highFas-deficient T cells are equally dependent on costimu-
affinity IL-2 receptor (data not shown). Thus, costimula-lation. Moreover, the absence of Fas does not change
tion-dependent secretion of IL-2 and expression of thethe antigen dose-response, indicating that Fas has no
high-affinity IL-2 receptor correlate with protection fromdemonstrable effect on the sensitivity of T cells to anti-
genic stimulation. PCD (Schwartz, 1992).
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Figure 3. PCD in Naive T Cells Is Regulated by Costimulation and Figure 4. AICD in Activated T Cells Is Regulated by Fas and Not by
Not by Fas Costimulation
Naive CD41 T cells derived from wild-type and lpr/lpr 2B4 mice Wild-type and lpr/lpr 2B4 Th1 lines were generated as described
were cultured in duplicate (a) with or without PCC (81±104) peptide and cultured in duplicate in medium containing 20 U/ml IL-2 (a) with
in the presence of mitomycin C-treated H-2k spleen cells, alone, or without immobilized anti-CD3 (1 mg/ml) and anti-CD28 (1:1000
or with 2 mg/ml mCTLA-4Ig or control immunoglobulin, or (b) with dilution of hybridoma ascites), 2 mg/ml mCTLA-4Ig, or control immu-
increasing concentrations of soluble anti-CD3, together with anti- noglobulin, or (b) with increasing concentrations of soluble anti-
CD28 or control antibody (1:1000 dilution of hybridoma ascites). CD3, together with anti-CD28 or control antibody. After 24 hr, cell
After 48 hr, cell death was assessed by double staining for the death was assessed by double staining for the transgenic TCR
transgenic TCR (recognized by the A2B4 monoclonal antibody) and (recognized by the A2B4 monoclonalantibody) and propidiumiodide
propidium iodide incorporation. The error bars represent standard incorporation. The error bars represent standard errors.
errors.
that costimulation plays no role in AICD in previouslyCD28-Mediated Costimulation Does Not
activated T cells, in contrast with its previously demon-Influence Fas-Dependent AICD
strated ability to prevent apoptotic death of naive TIn contrast with naive cells, when recently activated T
cells. In fact, in most experiments we find that anti-CD28cells are stimulated by antibodies to CD3 or by high-
causes an increase in the amount of IL-2 produced evendoses of antigen, they rapidly undergo AICD (Brunner
by activated T cells, and this is associated with en-et al., 1995; Dhein et al., 1995; Ju et al., 1995). We next
hanced AICD rather than protection (data not shown).asked whether costimulation was able to regulate this
This result is consistent with the demonstration that IL-2form of AICD similarly to PCD. The role of CD28-medi-
promotes T cell death by a pathway that is now knownated signals was examined by culturing Th1 lines, de-
to represent Fas-mediated AICD (Lenardo, 1991).rived by in vitro activation of naive 2B4/1 and 2B4/lpr
T cells, overnight in the presence of high concentra-
CD28-Dependent Induction of bcl-xLtions of anti-CD3, with or without soluble anti-CD28 or
Correlates with Protection from PCD,mCTLA-4Ig. As shown in Figure 4a, wild-type 2B4 Th1
While CD28-Independent Inductionlines undergo apoptosis following exposure to immobi-
of FasL Correlates with AICDlized anti-CD3, and the presence of a CD28-mediated
The involvement of costimulation in controlling PCD andsignal does not rescue these cells from death. Moreover,
not AICD suggests that CD28-dependent genes mayin this model of anti-CD3-induced AICD, blocking any
play a role in regulating PCD, while AICD is regulatedpossible costimulation (e.g., by T cells themselves,
by molecules induced in a costimulation-independentPrabhu Das et al., 1995) with mCTLA-4Ig does not affect
manner. Recently, Bcl-xL has been shown to play a roleapoptotic death of 2B4/1 T cells. As expected, Fas-
in protecting naive T cells from PCD (Boise et al., 1995).deficient 2B4/lpr T cells are resistant to AICD under all
However, the role that bcl-xL plays in AICD remains un-stimulation conditions (Figure 4a).
clear. We therefore examined the induction of bcl-xLTo confirm the independence of AICD and costimula-
mRNA under conditions leading to PCD or AICD. Naivetion, we cultured activated 2B4/1 and 2B4/lpr Th1 cells
or activated 2B4/1 T cells were cultured in the presencein the presence of increasing concentrations of soluble
of increasing concentrations of soluble anti-CD3, withanti-CD3, with or without anti-CD28. Under these experi-
or without anti-CD28, and the induction of bcl-xL tran-mental conditions, costimulation is able to rescue naive
scripts was assayed at 24 hr by reverse transcriptaseT cells from programmed cell death (see Figure 3b).
polymerase chain reaction (RT±PCR). As shown in Fig-However, under essentially the same conditions, the
ure 5, the expression of bcl-xL mRNA is costimulationaddition of anti-CD28 does not protect from AICD in-
duced in activated T cells (Figure 4b). The data suggest dependent in both naive and activated T cells. However,
Immunity
324
et al., 1994). Wild-type and lpr mice were tolerized by
an intraperitoneal injection of a model antigen, chicken
egg ovalbumin (OVA), emulsified in incomplete Freund's
adjuvant (IFA). Mice were challenged subcutaneously
10 days later with OVA, emulsified in complete Freund's
adjuvant (CFA). The proliferative response and cytokine
production capabilities of draining lymph node cells re-
stimulated with OVA in vitro were assayed on day 20.
Assays of T cell proliferation indicate that both wild-
type and Fas-deficient mice are rendered tolerant to
OVA by this protocol (Figure 7), implying that tolerance
to this antigen is induced in a Fas-independent fashion.
Furthermore, upon restimulation with antigen in vitro,
the tolerized T cells fail to secrete interferon-g (IFNg)
Figure 5. bcl-xL and FasL mRNA Induction Differs in CD28 Depen- and IL-2, two Th1 cytokines, but they do continue to
dence and in Its Correlation with Different Forms of Cell Death secrete IL-4, a prototypic Th2 cytokine (Figure 7). Impor-
The expression of bcl-xL and FasL mRNA in naive or activated Th1 tantly, there is no difference in cytokine patterns be-
2B4/1 T cells was assayed by RT±PCR following a 24 hr culture
tween MRL 1/1 and lpr/lpr mice. This indicates thatwith or without soluble anti-CD3 (1 mg/ml) and anti-CD28 (1:1000
tolerance induced by antigen in IFA selectively affectsdilution of hybridoma ascites). The percentage of apoptotic 2B4/1
Th1 responses, as observed in several other systemsT cells in parallel cultures was assessed either at 24 hr (2B4 Th1
line) or 48 hr (naive 2B4 T cells) and gave the following results: naive of T cell tolerance, and does not involve AICD.
2B4 T cells: media, 38%; anti-CD3, 32%; anti-CD3/anti-CD28, 7%;
2B4 Th1 line: media, 27%; anti-CD3, 45%; anti-CD3/anti-CD28, 52%.
Discussion
bcl-xL mRNA expression only correlates with protection The goal of this study was to examine the regulation of
from PCD in naive T cells, and not with protection from apoptosis in T cells by Fas and costimulation, and to
AICD in recently activated T cells. In contrast, the ex- assess the role of cell death in peripheral T cell tolerance.
pression of FasL in activated T cells is costimulation To address these issues, T cells derived from Fas1 and
independent (Figure 5), and is correlated with the induc- Fas2 TCR transgenic mice were used to study re-
tion of AICD. sponses to antigen under defined conditions. The role
of T cell deletion in peripheral tolerance was also studied
in nontransgenic wild-type and Fas-deficient mice.Fas-Deficient Mice Show Defective Peripheral
T Cell Deletion but Are Susceptible These experiments show that two independent forms
of apoptosis exist in mature T cells. One, which we termto Tolerance Induction
In the final set of experiments, we wished to define the PCD, is regulated by costimulation, and the other, called
AICD, is regulated by Fas. Growth and survival factors,responses of Fas-deficient mice to tolerogenic antigens.
These experiments are difficult to do in TCR transgenic such as IL-2 and Bcl-xL, protect T cells from PCD, but
not from AICD. Finally, peripheral T cell tolerance canmice, because of the propensity of T cells to undergo
deletion and because of constant repopulation of pe- be readily induced in Fas-deficient mice, showing that
tolerance occurs without AICD, and suggesting thatripheral tissues by recent thymic emigrants (Kearney et
al., 1994). We, therefore, chose to compare the re- there are multiple, mechanistically distinct forms of pe-
ripheral T cell tolerance.sponses of MRL/lpr and MRL/1 mice with immunogenic
and tolerogenic doses of a model protein antigen. Prior T cell activation following antigen encounter is depen-
dent on two signals, one derived from the TCR and ato doing these studies, it was necessary to show that
the lpr mice are resistent to T cell deletion, as we have second from the engagement of a costimulator (June et
al., 1994). The costimulatory function of CD28 is wellshown previously in 2B4 transgenic mice (Singer and
Abbas, 1994). To extend these previous studies to non- documented (Schwartz, 1992). In one study, Fas has
also been suggested to serve as a costimulatory mole-transgenic animals, we treated wild-type and Fas-defi-
cient mice with a bacterial superantigen, staphylococcal cule (Alderson et al., 1993). The studies presented here
demonstrate conclusively that Fas±FasL interactions doenterotoxin B (SEB), and monitored T cell deletion in
the thymus and the periphery. As shown in Figure 6, not play an obligatory role in T cell activation. Wild-type
and Fas-deficient naive and previously activated T cellsSEB-mediated deletion of Vb81 T cells, which recognize
SEB, occurred normally in the thymus of Fas-deficient are equally responsive to a wide range of antigen con-
centrations and equally dependent on costimulation viamice, but is defective in the periphery, whereas nonreac-
tive Vb61 T cells are not deleted. Thus, superantigen- CD28 for their activation (Figures 1 and 2).
The principal focus of the studies reported in thisinduced deletion is defective in the peripheral lymphoid
tissues of lpr/lpr mice, confirming results previously ob- paper has been on the mechanisms that control apop-
totic death of T cells. Much of the current controversytained with TCR transgenic mice (Singer and Abbas,
1994). about the roles of costimulation and survival genes such
as bcl-2 in regulating T cell death is because few at-We next examined the susceptibility of Fas-deficient
mice to tolerance induction by a protocol that is believed tempts have been made to identify and compare distinct
pathways leading to apoptosis. Our results show thatto induce T cell ªanergyº (Kearney et al., 1994; Vidard
Regulation of T Cell Death and Tolerance
325
Figure 6. Superantigen-Mediated Deletion Is
Defective in the Periphery, but Not the Thy-
mus, of Fas-Deficient Mice
Wild-type and lpr mice were treated intraperi-
toneally with 2 mg SEB on days 1, 3, and 5.
On day 8, the percentage of Vb81 and Vb61
CD41 T cells was assessed in the spleen (a)
and the thymus (b) by two- or three-color flow
cytometry. Data from two mice was pooled
for each treatment, and the error bars repre-
sent the standard error. Results are from one
representative experiment out of four.
naive T cells undergo apoptosis unless given both a The second issue we have addressed is the role of
AICD in peripheral T cell tolerance. Our data confirmTCR-mediated stimulus and a CD28-mediated costimu-
lus (Figure 3). Fas plays no role in this form of PCD. The previous results that Fas is critically involved in activa-
tion-induced deletion of mature T cells in peripheralprotective effect of costimulation is due to its ability to
stimulate expression of genes such as bcl-xL (Figure 5; lymphoid tissues (Figure 6). However, systemic adminis-
tration of antigen with a weak adjuvant induces toler-Boise et al., 1995). In addition, costimulation enhances
the production of growth factors and their receptors, ance in Fas-deficient mice just as well as in normal mice
(Figure 7). Therefore, AICD is not an essential compo-notably IL-2 and its receptor. In contrast with PCD in
naive T cells, AICD in recently activated T cells is a nent of this form of peripheral tolerance. This form of
tolerance has been called anergy, and has been said tofundamentally different phenomenon. AICD is induced
by Fas±FasL interactions, and it is not prevented by resemble anergy induced in cloned T cell lines exposed
to antigen without costimulators in vitro (Schwartz,CD28-mediated costimulation. This is because Fas and
FasL are expressed as a result of TCR cross-linking, 1990). However, our results showing that naive T cells
die unless protected by antigen and costimulation sug-even in the absence of costimulation (Figure 5). In fact,
TCR- and CD28-mediated stimulation induces high lev- gest that antigen recognition without costimulation can-
not lead to long-lived functional inactivation. In fact,els of bcl-xL and IL-2 in activated T cells, but neither
protects the T cells from Fas-mediated AICD. Other re- blocking costimulation in vivo leads to a failure to ex-
pand antigen-specific T cells and the subsequent losscent reports support the view that members of the Bcl-
2 family do not protect T cells from Fas-mediated of these cells, presumably by PCD (Kearney et al., 1994,
1995). The slow kinetics of PCD in vivo may reflect theapoptosis (Memon et al., 1995; Strasser et al., 1996),
with possible rare exceptions, the Jurkat line being one constitutively high levels of the survival gene bcl-2 ex-
pressed by lymphocytes in vivo, which they rapidlyof these (Boise et al., 1995; Memon et al., 1995).
Figure 7. Peripheral Unresponsiveness Can
Be Induced in Fas-Deficient Mice
MRL 1/1 (a) and lpr/lpr (b) mice were treated
intraperitoneally with 1 mg OVA, emulsified
in IFA. The mice were challenged 10 days
later by injecting 200 mg OVA, emulsified in
CFA, into the footpad. On day 20, the inguinal
and popliteal lymph nodes were harvested,
and the lymph node cells restimulated in vitro
with OVA, as shown. Proliferation was as-
sessed at 72 hr. Cytokine production was as-
sessed at 48 hr for IL-2 or 72 hr for IL-4 and
IFNg. Data were pooled from 2±4 mice per
group, and the error bars represent the stan-
dard error. Results are from one representa-
tive experiment out of four.
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described elsewhere, and were maintained by interbreeding (Singerdown-regulate in vitro (Nunez et al., 1994). Tolerance
and Abbas, 1994). 2B4 TCR transgenic mice were provided by Dr.induced in vivo by antigen without adjuvants is associ-
L. Berg (Harvard University, Cambridge, Massachusetts), and MRLated with a selective loss of Th1 and a persistence of
1/1 and MRL lpr/lpr were purchased from Jackson Laboratories
Th2 cells (Figure 7; Burstein et al., 1992; De Wit et al., (Bar Harbor, Maine).
1992). This form of tolerance should appropriately be
classified under a form of immune deviation, rather that T Cell Purification and Generation of Th1 Lines
anergy. Various lines of evidence indicate that cytokines Naive 2B4 TCR transgenic T cells were purified as described else-
where. In brief, pooled lymph node and spleen cells harvested fromthat control the development of Th1 and Th2 cells regu-
2B4 TCR transgenic mice were treated with monoclonal antibodieslate this type of T cell tolerance in vivo (Burstein and
to class II major histocompatibility complex, CD8, and heat-stableAbbas, 1993; V. L. Perez, L. V. P., and A. K. A., unpub-
antigen, followed by guinea pig complement (Accurate Chemicallished data).
and Scientific, Westbury, New York). To enhance purity, cells were
The existence of biochemically distinct and indepen- subsequently panned on plates coated with rabbit anti-mouse im-
dently regulated pathways of peripheral T cell tolerance munoglobulin G (Cappel, Durham, North Carolina), and nondaherent
cells were collected. Th1 lines were generated by an establishedsuggests that different self-antigens may induce toler-
protocol. In brief, purified naive CD41 2B4 TCR transgenic T cellsance in different ways. Whether a particular self-antigen
were activated by culture with PCC 81±104 peptide and syngeneicinduces peripheral deletion or another form of tolerance,
mitomycin C-treated spleen cells in the presence of 10 ng/ml IL-12such as immune deviation, probably depends on multi-
(a gift of Dr. S. Wolf, Genetics Institute, Cambridge, Massachusetts).
ple factors, especially the concentration of available an- After 3 days, the activated T cells were collected and expanded for
tigen, and the presence or absence of costimulators. 2 days in 20 U/ml IL-2.
Thus, self-antigens presented on costimulator-deficient
resting tissue APCs may preferentially inhibit inflamma- In Vitro Activation and Apoptosis Assays
In all activation assays, 2 3 104 naive T cells or 1 3 104 Th1 cellstory Th1 responses. This form of tolerance is likely to
were cultured in the presence of 2 3 105 APCs and 0±10 mM PCCbe most important for maintaining unresponsiveness to
81±104 peptide in duplicate or triplicate microculture wells, in 0.2self-antigens that are restricted to particular tissues,
ml RPMI 1640 supplemented with 2 mM L-glutamine, penicillin,e.g., pancreatic islets. In contrast, AICD is probably in-
streptomycin, nonessential amino acids, sodium pyruvate, 10 mM
duced by repeated stimulation with widely disseminated HEPES (all from GIBCO Laboratories, Grand Island, New York), 5 3
and abundant self-antigens, which are presented by 1025 M 2-mercapthoethanol, and 10% fetal calf serum (HyClone
Laboratories, Logan, Utah). The APCs used were H-2k splenocytescompetent costimulator-expressing APCs that initiate
that had been treated either with mitomycin C (Mito/C, Sigma, St.the activation process that culminates in cell death. It
Louis, Missouri) at 50 mg per 15 3 106 cells at 378C for 30 min, orfollows that the breakdown of these two independent
1% PAF (Sigma) for 15 min at room temperature. In experimentsmechanisms of self-tolerance should result in phenotyp-
with competent APCs (Mito/C-treated), costimulation was blocked
ically different disease states. Defects in peripheral dele- by adding mCTLA-4Ig or a control murine immunoglobulin (a gift
tion due to Fas/FasL are known to lead to systemic of Drs. P. Nickelson and T. Strom, Beth Israel Hospital, Boston,
Massachusetts) at 2 mg/ml. In assays using costimulation-deficientautoimmune disease both in mice and humans (Fisher
(PAF-fixed) APCs, a hamster anti-CD28 (clone 37.N, a gift from Dr.et al., 1995; Nagata and Suda, 1995; Rieux-Laucat et
J. Allison, University of California at Berkeley, California) or controlal., 1995), probably targeting common and abundant
antibody was added at a 1:1000 dilution of hybridoma ascites.self-antigens. The same cellular abnormality may be re-
To assess the fate of naive T cells activated in the absence of
sponsible for autoimmunity in mice lacking IL-2Ra, since costimulation, 2 3 105 2B4 TCR transgenic cells and 2 3 106 mito/
IL-2 augments Fas-mediated AICD (Lenardo, 1991; Will- C-treated splenocytes were cultured in 1 ml in duplicate, in the
presence or absence of 1mM PCC 81±104 peptide. Costimulationerford et al., 1995). We would anticipate that tissue-
was blocked as described above. After 48 hr of culture, the percent-specific autoimmune disease results predominantly
age of apoptotic 2B4 TCR transgenic T cells was assessed as de-from the breakdown of peripheral Th1 inhibition. This
scribed below. In other experiments, PCD or AICD was induced bysupposition is supported by results obtained in multiple
culturing 5 3 105 naive or preactivated T cells in 1 ml in duplicate
transgenic models of autoimmune disease (Miller and wells, in the presence of 0±1 mg/ml soluble or plate-bound anti-CD3
Flavell, 1994). The implications of having distinct forms with or without anti-CD28. After 48 hr of culture, cell death was
assessed as described below.of peripheral tolerance also impact the design of thera-
peutic interventions to combat autoimmune disease. It
would be expected that therapies designed to combat Analysis of bcl-xL and FasL mRNA Expression
Total RNA was purified, using Ultraspec RNA isolation solution (Bio-a defect in peripheral deletion would not necessarily
tex, Houston, Texas), from naive and activated 2B4 TCR transgenicaid, and may even be detrimental to, an autoimmune
T cells following 24 hr of culture in the absence or presence ofcondition arising from activation of Th1 cells, and vice
anti-CD3 and anti-CD28. cDNA synthesis was performed in a 15 ml
versa. reaction volume containing dNTPs (Boehringer Mannheim, India-
napolis, Indiana), oligo-d(T) (Sigma), RNase inhibitor, reaction buffer,
and MMLV reverse transcriptase (GIBCO, Gaithersburg, Maryland).Experimental Procedures
The primers and protocols used to perform PCR on the resulting
cDNA populations are described in Fang et al. (1994) for bcl-xL, andMice
Ju et al. (1995) for FasL.All mice used were 6±8 weeks old, and were maintained in accor-
dance with the guidelines of the Committee on Animals of Harvard
Medical School, and those prepared by the Committee of Care and Superantigen-Mediated Deletion
MRL 1/1 and MRL lpr/lpr mice (6 weeks old, 2 per group) wereUse of Laboratory Animals of the Institute of Laboratory Animal
Resources, National Research Council. Wild-type and Fas-deficient treated intraperitoneally with 2 mg of SEB (Sigma) on days 1, 3, and
5. On day 8, the spleen and the thymus were harvested, and themice expressing the transgenic 2B4 TCR, specific for PCC 88±104
peptide in association with I-Ek, were obtained by crossing 2B4 percentage of mature CD41 Vb61 or Vb81 T cells in each organ was
assessed by flow cytometry.TCR transgenic mice with MRL lpr/lpr mice for two generations, as
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Tolerance Induction with Antigen in IFA in T cell tolerance induced by aqueous protein antigen. J. Exp. Med.
177, 457±463.MRL 1/1 or MRL lpr/lpr mice (6 weeks old, 2±4 per group) were
treated with 1 mg of OVA (Sigma) emulsified in IFA (Difco, Detroit, Burstein, H.J., Shea, C.M., and Abbas, A.K. (1992). Aqueous antigens
Michigan) intraperitoneally on day 1. We injected 200 mg of OVA induce in vivo tolerance selectively in IL-2- and IFN-g-producing
emulsified in CFA (Difco) into one footpad 10 days later. On day 20, (Th1) cells. J. Immunol. 148, 3687±3691.
the draining lymph nodes (inguinal and popliteal) were harvested.
Cohen, J.J., Duke, R.C., Fadok, V.A., and Sellins, K.S. (1992).For proliferation assays, lymph node cells were cultured at 2 3 105
Apoptosis and programmed cell death in immunity. Annu. Rev. Im-cells in triplicate microculture wells and restimulated with 0±1 mg/
munol. 10, 267±293.ml of OVA or 10 mg/ml of purified protein derivative (a gift of Dr. H.
Remold, Brigham and Women's Hospital, Boston, Massachusetts). De Wit, D., Van Mechelen, M., Ryelandt, M., Figueiredo, A.C., Abra-
After 72 hr, cells were pulsed with 1 mCi [3H]TdR (New England mowicz, D., Goldman, M., Bazin, H., Urbain, J., and Leo, O. (1992).
Nuclear, Boston, Massachusetts). To assess cytokine production, The injection of deaggregated gamma globulins in adult mice in-
2 3 106 lymph node cells were cultured in macroculture wells in the duces antigen-specific unresponsiveness of T helper type 1 but not
presence or absence of 100 mg/ml OVA, and supernatants were type 2 lymphocytes. J. Exp. Med. 175, 9±14.
collected after 48 hr (for IL-2) and 72 hr (for IL-4 and IFNg). IL-2 and Dhein, J., Walczak, H., Baumler, C., Debatin, K.-M., and Krammer,
IL-4 levels were determined by using the HT2 and CT4S indicator P.H. (1995). Autocrine T-cell suicide mediatedby APO-1/(Fas/CD95).
lines, respectively, while IFNg levels were determined by enzyme- Nature. 373, 438±441.
linked immunosorbent assay, as described elsewhere (McKnight et
Fang, W., Rivard, J.J., Mueller, D.L., and Behrens, T.W. (1994). Clon-al., 1994).
ing and molecular characterization of mouse bcl-x in B and T lym-
phocytes. J. Immunol. 153, 4388±4398.
Flow Cytometry
Fisher, G.H., Rosenberg, F.J., Straus, S.E., Dale, J.K., Middelton,Apoptotic cell death in cultured 2B4 TCR transgenic T cells was
L.A., Lin, A.Y., Strober, W., Lenardo, M.J., and Puck, J.M. (1995).assessed by double staining with a clonotypic antibody (A2B4) and
Dominant interfering fas gene mutations impair apoptosis in a hu-propidium iodide (Sigma). Following in vitro culture, 2 3 105 cells
man autoimmune lymphoproliferative syndrome. Cell 81, 935±946.were incubated with biotinylated A2B4 for 30 min on ice. The cells
were washed and incubated with fluorescein isothiocyanate (FITC)- Green, D.R., and Scott, D.W. (1994). Activation-induced apoptosis
conjugated strepavidin (Pharmingen, San Diego, California), follow- in lymphocytes. Curr. Opin. Immunol. 6, 476±487.
ing which they were fixed with 1% PAF. The fixed cells were resus-
Gribben, J.G., Freeman, G.J., Boussiotis, V.A., Rennert, P., Jellis,pended 20 min prior to analysis in a phosphate-buffered saline
C.L., Greenfield, E., Barber, M., Restivo, V.A., Jr., Gray, G.S., andsolution containing the following: 5 mg/ml propidium iodide, 0.3%
Nadler, L.M. (1995). CTLA4 mediates antigen specific apoptosis inSaponin (Sigma), 50 mg/ml RNase (Boehringer Mannheim, Indianap-
T cells. Proc. Natl. Acad. Sci. USA 92, 811±815.
olis, Indiana), and 5 mM EDTA. TCR transgenic cells were identified
Ju, S.-T., Panka, D.J., Cui, H., Ettinger, R., El-Kharib, M., Sherr, D.H.,by gating on A2B4 (FITC) positive cells.
Stanger, B.Z., and Marshak-Rothstein, A. (1995). Fas (CD95)/ FasLThe percentages of Vb61 or Vb81 T cells in the spleen or thymus
interactions required for programmed cell death after T-cell activa-of MRL 1/1 and lpr/lpr mice following SEB treatment were deter-
tion. Nature 373, 441±448.mined by staining 106 cells with FITC-conjugated anti-Vb6 or anti-
Vb8 (Pharmingen), and either phycoerythrin (PE)-conjugated anti- June, C.H., Bluestone, J.A., Nadler, L.M., and Thompson, C.B.
CD4 (Pharmingen) with splenocytes, or PE-conjugated anti-CD8 and (1994). The B7 and CD28 receptor families. Immunol. Today. 15,
CyC-conjugated anti-CD4 (Pharmingen) with thymocytes. Mature 321±331.
CD41 T cells were identified by gating on CD4 (PE) positive cells in
Kearney, E.K., Pape, K.A., Loh, D.Y., and Jenkins, M.K. (1994). Visu-the spleen, or CD4 (CyC) positive and CD8 (PE) negative cells in the
alization of peptide-specific T cell immunity and peripheral tolerancethymus. Analyses were performed on a FACScan flow cytometer
induction in vivo. Immunity 1, 327±339.(Becton Dickson, San Francisco, California).
Kearney, E.R., Walunas, T.L., Karr, R.W., Morton, P.A., Loh, D.Y.,
Bluestone, J.A., and Jenkins, M.K. (1995). Antigen-dependent clonalAcknowledgments
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